The etiology and the underlying mechanism of CD4 1 T-cell polarization are unclear. This study sought to investigate the mechanism by which interleukin (IL)-13 prevents the activation-induced apoptosis of CD4 1 T cells. Here we report that CD4
INTRODUCTION

CD4
1 T-cell polarization plays an important role in a number of immune disorders, such as allergic asthma, 1 allergic dermatitis, 2 and inflammatory bowel disease. 3 A common feature of these illnesses is the higher number of CD4 1 T cells, together with the higher level of T-helper (Th)2 cytokines, in the inflammatory tissue and peripheral blood. 4 The factors that initiate CD4 1 T-cell polarization is not yet completely understood. Maintaining proper T-cell homeostasis is critical for human health; therefore, several associated regulatory mechanisms have been recognized, including the induction of T-cell anergy, the generation of regulatory T cells, and activation-induced cell death (AICD). After activation, most T cells, including Th1, Th2, or CD8 1 T cells, become apoptotic and die; this phenomenon is known as AICD. This mechanism controls the size of activated T-cell populations after initial expansion and is critical to maintaining immune homeostasis. 5 However, in some immune disorders, the mechanism of AICD is impaired. In these disorders, although CD4
1 T cells still express Fas, the death receptor, AICD is blocked by unknown mechanisms. It has been suggested that Th2 cytokines may be responsible for preventing AICD in activated CD4
1 T cells in immune inflammation; 6 however, the underlying mechanisms require further investigation.
Apoptosis is the major pathway of AICD. Upon activation, T cells often become apoptotic and are soon eliminated to avoid tissue damage. Fas and FasL are the major mediators of AICD. 6 Apart from Fas/FasL, a number of other molecules are involved in the course of apoptosis, including Bax, Bcl-2, and p53. The p53 protein is also called tumor suppressor protein because it induces apoptosis in tumor cells, preventing further tumor formation and growth. 7 Deregulation of p53 has been proposed to play an important role in the pathogenesis of tumors. 7 The p53 protein can modulate the cell cycle, repair damaged DNA, and initiate apoptosis when damaged DNA cannot be repaired. The role of skewed CD4
1 T-cell polarization in immune inflammation is mediated by a dysfunction of apoptosis of CD4 1 T cells, though the functions of p53 in this process have not been fully investigated.
Interleukin (IL)-13 plays a critical role in the pathogenesis of immune inflammation. 8 Recent reports indicate that IL-13 may play an important role in the innate immune response because this molecule can be released by injured or inflamed epithelia. 9 We hypothesize that IL-13 induces the dysfunction of p53 in CD4 1 T cells, which results in the induction of skewed CD4 1 T-cell polarization. In this study, we observed that CD4 1 T cells from sensitized mice expressed IL-13R2a. Exposure to IL-13 interfered with AICD-induced CD4
1 T-cell apoptosis, and blocking IL-13 enforced the efficacy of antigenspecific immunotherapy (ASIT).
MATERIALS AND METHODS
Reagents
The ovalbumin (OVA)-specific IgE enzyme-linked immunosorbent assay (ELISA) kit was purchased from EIAab (Wuhan, China). The ELISA kit for IL-4 and neutralizing anti-IL-13 mAb werepurchased from R&D Systems (Shanghai, China). Reagents for quantitative real-time polymerase chain reaction (qRT-PCR) and western blotting were purchased from Invitrogen (Shanghai, China). Antibodies specific for p53, Bax, Bcl-2, FasL, CD3, CD28, mouse mast cell protease-1 (mMCP-1), major basic protein, p53 shRNA, and STAT6 shRNA were purchased from Santa Cruz Biotech (Guangzhou, China). Magnetic bead-conjugated antibodies were purchased from Miltenyi Biotec (Shanghai, China). The Annexin V kit, protein A Sepharose beads, ChIP kit, phorbol-12-myristate-13-acetate (PMA), and ionomycin were purchased from Sigma Aldrich (Shanghai, China). The DNA purification kit was purchased from Promega (Beijing, China).
Mice
Male BALB/c mice and DO11.10 mice (6-8 weeks old) were obtained from the Beijing Experimental Animal Center and were maintained in a pathogen-free environment. The experimental procedures were approved by the Animal Ethics Committee at Zhengzhou University and Shenzhen University.
Establishment of intestinal allergic inflammation in mice BALB/c mice were orally administered 50 mg of OVA mixed with 10 mg of cholera toxin weekly for four weeks. One week later, the mice were killed, and samples were taken from individual mice for analysis. The sera were collected, and the levels of IL-4, IL-5, IL-13, and OVA-specific IgE were measured by ELISA, using commercial kits. Lamina propria mononuclear cells (LPMCs) were isolated from the small intestine with the procedures described below. CD4
1 T cells were further isolated with commercial reagent kits following the manufacturer's instructions. The core temperature of the mice was recorded by measuring the temperature in the rectum with a digital thermometer before and 30 min after the oral challenge with OVA. The mice were also observed for 2 h to record diarrhea after the OVA challenge. Jejunal segments were excised for immunohistochemical analysis. Each group consisted of six mice. Samples from individual mice were processed separately. The body weight was recorded weekly.
Isolation of lamina propria mononuclear cells
The small intestine was opened longitudinally and washed in saline to remove adherent debris. To remove the epithelium, tissue was incubated in a shaking water bath at 37uC for 30 min in calcium-magnesium-free HBSS containing 1 mM EDTA, 50 mg/mL gentamicin, 100 U/mL penicillin, and 100 mg/mL streptomycin. The intestinal tissue was then cut into smaller pieces and digested in a shaking water bath at 37uC for 1 h with 0.5 mg/mL collagenase and 1 mg/mL hyaluronidase in RPMI 1640. Cells were pelleted by centrifugation (500g for 5 min), resuspended in RPMI 1640 medium, and then filtered through a 70-mm cell strainer. The filtrate was then centrifuged over a FicollHypaque density gradient. LPMC were recovered, washed twice in RPMI 1640 medium, and the cells were cultured for further experiments.
Isolation of CD4
1 T cells The CD4
1 CD25 2 T cells were isolated from the mouse spleens and intestine using CD4 and CD25 microbeads according to the manufacturer's protocol. The CD4 1 T cells were isolated first, and this was followed by collection of the CD25 1 T cells. The purity of the CD4 1 CD25 2 T cells was .98%, as checked by flow cytometry.
Cell culture
Cells were cultured at 37uC and 5% CO 2 in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 2 mM L-glutamine, and 0.1 mg/mL streptomycin. The medium was changed every three days.
Viability assay of cultured cells Cells were collected from the culture and the viability of the cells was assessed by the trypan blue exclusion assay.
Induction of AICD in vitro
Isolated CD4
1 T cells were cultured in the presence of PMA (10 ng/mL) overnight for preactivation. The cells were collected, washed with culture medium, and cultured in a microplate coated with 10 mg/mL anti-CD3 mAb. Soluble anti-CD28 mAb (5 mg/mL) was added to the culture for costimulation. Three days later, cells were stained with propidium iodide (PI; 5 mg/mL; 15 min) and Annexin V reagents according to the manufacturer's protocol. The cells were analyzed by flow cytometry.
Flow cytometry
Cells were fixed with 2% paraformaldehyde for 2 h, and 0.1% Triton X-100 was added to the fixative in cases of intracellular staining. After blocking with 1% bovine serum albumin (BSA) for 30 min, the cells were incubated with the fluorochromelabeled antibodies for 1 h at room temperature. After washing with PBS, the cells were analyzed by a flow cytometer (FACSCanto I, BD Biosciences, Shanghai, China).
Quantitative real-time polymerase chain reaction With the TRIzol reagent, the total RNA was extracted from the cultured cells. The cDNA was synthesized with a reverse transcription reagent kit. qPCR was performed with a MiniOpticon PCR system (Bio-Rad Life Science, Shanghai, China). The results were calculated with the 2 2DDCt method and are presented as relative changes. The primers used in the study are listed in Table 1 .
Immunoprecipitation
Cell lysates were mixed with 3 mg of either IL-13Ra2 or anti-STAT6 antibody overnight at 4uC and then precipitated with 40 ml of protein A Sepharose beads overnight at 4uC. After washing with lysis buffer three times, the beads were incubated with SDS loading buffer, boiled for 10 min, and subjected to western blotting.
Western blotting
Total protein was extracted from cells, separated by the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto a nitrocellulose membrane. The membrane was blocked with 5% skim milk for 30 min at room temperature, incubated with the primary antibodies (50-100 ng/mL), and then incubated with the secondary antibodies (conjugated to horseradish peroxidase). The membrane was washed with Tris-buffered saline and Tween 20 (TBST) after antibody incubation. The immune complex on the membrane was developed with enhanced chemiluminescence and the results were imaged using the UVP BioSpectrum Imaging System (Upland, CA, USA).
ELISA
The levels of OVA-specific IgE, IL-4, IL-5, and IL-13 were determined by ELISA with commercial kits following the manufacturers' instructions.
Chromatin immunoprecipitation (ChIP)
The cells were fixed with 1% formaldehyde and digested with micrococcal nuclease to induce optimal genomic DNA fragmentation. The cells were then lysed in lysis buffer and sonicated; immunoprecipitation was performed with the samples and antibodies specific for IL-13Ra2, pSTAT6, or IgG. A portion of the DNA was set aside for use as the input DNA. The antibody-protein-DNA complex was precipitated by adding the protein A Sepharose beads. Then, the complex was treated with proteinase K at 65uC to obtain the IP DNA, which was purified afterwards. With the IP DNA, the relative amount of accessible p53-promoter DNA was analyzed by qPCR (MiniOpticon PCR system, Bio-Rad Life Science). The primers used were: forward, agagtgcattaccgttccca; reverse, tgaggtgtaggcaaagtcgt. The enriched DNA after qPCR was presented as the % of input.
RNA interference (RNAi)
The p53 gene in CD4
1 T cells was knocked down by RNAi with purchased reagent kits (p53 shRNA Lentiviral Particles: sc-44219-V) following the manufacturer's instruction (see website for details: http://www.scbt.com/protocols.html?protocol5crispr_lenti_activation). The gene knockdown effect was checked by western blotting.
ASIT
The sensitized mice were treated with oral ASIT according to published procedures 10 with minor modifications. Briefly, OVA was gavage-fed with doses of 1 mg (days 1 and 2), 5 mg (days 3 and 4), 10 mg (days 5-7), 25 mg (days 8 and 9), and 50 mg (days [10] [11] [12] [13] [14] . Control mice were treated with saline.
Statistical analysis
The data are presented as the mean 6 SD. Differences between groups were determined by ANOVA. p , 0.05 was set as the significance criterion.
RESULTS
Allergy increases IL-13 receptor expression on CD4
1 T cells in the mouse intestine Although IL-13 is a well-known Th2 cytokine, it is unclear whether the IL-13 receptor is expressed in CD4 1 T cells. To investigate this question, we sensitized mice with OVA. In addition to the Th2 response parameters detected in the mouse intestine (Figure 1a c), IL-13Ra1 was detected on the intestinal CD4 1 T cells of both naïve mice and sensitized mice. IL-13Ra2 was present at significantly higher (81.6%) levels in the CD4 1 T cells of sensitized mice (Figure 1d-l (Figure 1m-r) . These results suggest that allergic reactions can up-regulate the levels of IL13a2in CD4
1 T cells of the intestine.
IL-13 suppresses AICD-induced CD4
1 T-cell apoptosis The data shown in Figure 1 suggest that CD4
1 T cell-produced IL-13 may modulate CD4 1 T-cell activities. To test this possibility, we next stimulated the preactivated CD4 1 T cells with Th2 cytokines. The results showed that recombinant IL-13 (rIL-13), but not IL-4 or IL-5, significantly increased the number of viable CD4 1 T cells after reactivation (Figure 2a ). To gain further insight into the underlying mechanism, CD4 1 T cells were stimulated with anti-CD3/CD28 Ab and analyzed by flow cytometry. The results showed that approximately 50% of CD4 1 T cells were apoptotic after reactivation and that the addition of rIL-13, but not rIL-4 or (Figure 2b-h ). In addition, CD4
1 CD25 2 T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) and stimulated with anti-CD3/CD28 with or without the addition of rIL-13 to the culture. These results showed that rIL-13 did not influence polyclonal CD4
1 T-cell proliferation (Figure 2i and j) . Further analysis showed that rIL-13 did not alter the activation markers CD69, CD62L, and CD44 (Figure 2k -p) in CD4
1 T cells. These data suggest that rIL-13 has the capacity to reduce the frequency of AICD-induced CD4 1 T-cell apoptosis.
IL-13 modulates the expression of FasL, p53, Bax, and Bcl-2 in CD4 1 T cells To understand the mechanism by which IL-13 reduces AICD in CD4
1 T cells, we analyzed the expression of p53, FasL, Bax, and Bcl-2 in CD4 1 T cells. Compared with naïve controls, exposure to anti-CD3/CD28 Ab in the culture for 72 h significantly increased the expression of p53 in CD4 1 T cells, and this effect was abolished by the addition of IL-13 to the culture (Figure 3a and b) . We also assessed the expression of FasL, Bax, and Bcl-2 in the CD4 1 T cells. The changes in FasL expression paralleled the changes in p53 expression (Figure 3a and c) , whereas the changes in Bcl-2 expression were inversely correlated with the changes in p53 expression (Figure 3a and d) . The results suggest that exposure to IL-13 suppresses the expression of p53 and FasL and increases the expression of Bcl-2 in CD4 1 T cells. To further confirm the results, we isolated CD4 1 CD25 2 T cells from BALB/c mice (Figure 3g -l) and DO11.10 mice (Figure 3m-r) . The cells were reactivated in culture. The results showed that reactivation-induced CD4 1 Tcell apoptosis was inhibited by the presence of rIL-13, and this effect was abolished by knockdown of the p53 gene in CD4 1 T cells (Figure 3g-r) .
IL-13 modulates p53 gene transcription in CD4
1 T cells The data in Figure 3 indicate that after activation, the expression of p53 is increased and that exposure to IL-13 in culture 1 T cells. The results showed that, after exposure to rIL-13 in the culture for 48 h, the levels of pSTAT6 increased in CD4 1 T cells in an rIL-13 dose-dependent manner (Figure 4a) . A complex of pSTAT6 and IL-13Ra2 was detected in the cell extracts of the CD4 1 T cells (Figure 4b) . A ChIP assay also showed that the complex of pSTAT6 and IL-13Ra2 bound to the p53 promoter (Figure 4c) . Thus, exposure to rIL-13 repressed the expression of p53 at both the mRNA (Figure 4d ) and the protein (Figure 4e ) level.
Blocking IL-13 enhances the therapeutic effect of ASIT by preventing antigen-specific CD4
1 T-cell polarization The data in Figure 4 indicate that the presence of IL-13 may be a causative factor in the pathogenesis of Th2 polarization. We inferred that blocking IL-13 in an allergy environment should therefore attenuate the Th2 polarization status and promote the efficacy of immunotherapy in allergic disorders. To test this hypothesis, we created a food-allergy mouse model. Upon re-exposure to specific antigens, the food-allergy mice showed increases in serum-specific IgE (Figure 5a ), serum IL-4 (Figure 5b ), infiltration of mast cells and eosinophils in the intestine (Figure 5c ), diarrhea (Figure 5d) , and an increased drop in core temperature (Figure 5e ). Decreases were observed in p53 expression in the intestine (Figure 5f ). The mice were treated with specific immunotherapy with or without anti-IL-13 Ab. The results showed that the addition of anti-IL-13 Ab significantly enhanced the therapeutic efficacy by improving the allergic response in the mice and modulating the expression of p53 in the intestine (Figure 5a-f) .
IL-13 inhibits expression of caspase 3 and TNF-a in CD4
1 T cells Caspase 3 and TNF-a are important molecules in the induction of apoptosis. We wondered whether IL-13 suppresses the expression of caspase 3 and TNF-a in CD4 1 T cells. To this end, we isolated CD4 1 T cells from the LPMCs of the sensitized mice. The cells were exposed to anti-CD3/-CD28 and/or IL-13 (30 ng/mL) in culture for 48 h. As shown by RT-qPCR and western blotting, exposure to anti-CD3/-CD28 markedly increased the levels of caspase 3 and TNF-a in the CD4 1 T cells, and this effect was abolished in the presence of IL-13 ( Figure 6 ). The results indicate that IL-13 also inhibits caspase 3 and TNF-a in the intestinal CD4 1 T cells in sensitized mice. 
DISCUSSION
The reason that a large number of antigen-specific CD4 1 T cells gather at sites of inflammation in immune disorders has remained an enigma. This pathological phenomenon is termed skewed CD4
1 T-cell polarization. The present study reveals that, in the presence of IL-13, the AICD mechanism is dysfunctional in activated CD4
1 T cells. IL-13 interferes with the apoptotic pathway in CD4 1 T cells by repressing the expression of p53, caspase 3, and TNF-a. The data suggest that IL-13 plays an important role in the induction of skewed Th2 polarization and that blocking IL-13 may facilitate the regulation of skewed Th2 polarization status. This inference is supported by the data from a food-allergy animal model study. Although administration of either anti-IL-13 Ab or ASIT can ameliorate the allergic response, a combination of anti-IL-13 and ASIT significantly promotes the inhibition of allergic inflammation in the intestine.
In addition to its involvement in suppressing tumor growth, p53 is associated with many other cell activities, such as sirtuin 1-mediated anti-inflammatory and anti-oxidant activities, 11 the pathogenesis of atherosclerosis, 12 and the negative regulation of IgE-mediated mast cell activation. 13 The present study adds novel information to study of p53 by exposing the protein's critical role in the AICD of CD4 1 T cells. FasL is a major factor in the AICD of CD4 1 T cells. 14 In line with other reports, 14 our data show that the expression of FasL was significantly increased in activated CD4
1 T cells. In addition, we assessed the expression of the apoptosis-related molecules Bax and Bcl-2, which was altered in activated CD4 1 T cells. This result is significant because a cell's apoptotic capacity is dependent on the balance of Bcl-2 and Bax; accordingly, the ratio of Bax and Bcl-2 protein Figure 5 Anti-IL-13 Ab enhances the effect of ASIT (antigen-specific immunotherapy). Mice were sensitized to OVA and treated with oral ASIT and/ or anti-IL-13 Ab (anti-IL-13; 30 ng/g body weight; intraperitoneal; using isotype IgG as a control antibody; cAb), or BSA (a control protein; 30 ng/mL). The data represent the mean 6 SD. *p , 0.01, compared with BSA group. #p , 0.01, compared with ASIT group. In panel f, the immune blots indicate the p53 levels of isolated intestinal CD4
1 T cells. The table above the immune blots shows the integrated density of the immune blots. sIgE: OVA-specific IgE. Each group consisted of six mice. Samples from individual mice were processed separately.
expression is an indicator of apoptosis. 15 The knockdown of p53 abolished activation-induced apoptosis of CD4 1 T cells. The results highlight the critical role of p53 in the AICD of CD4 1 T cells. Published data indicate that the interaction of Fas with FasL plays a major role in the induction of AICD.
14 The present data show that IL-13 suppresses both FasL and p53 in CD4 1 T cells, which coincides with the evasion of CD4 1 T cells from AICD. These result simply that p53 may modulate FasL activity, as previous studies have proposed. 16 However, further investigation is needed to definitively elucidate the underlying mechanism.
Our data show that exposure to IL-13 induces binding of the p53 promoter by a complex of IL-13Ra2 and STAT6, and this is followed by a marked suppression of p53 expression; therefore, IL-13 is a critical suppressor of p53 gene expression. Ooi et al. have suggested that IL-13 can modulate the transcription of over 100 genes. 17 Our results are in line with the previous reports by showing that the addition of rIL-13 to the culture markedly represses p53 transcription. It is well documented that both IL-13 and STAT6 are involved in the pathogenesis of Th2 cell polarization in cases of allergic inflammation.
18 IL-13 can increase STAT6 activity. 19 There are many downstream effects of STAT6 activation, including Th2 cell differentiation, 20 eosinophilic inflammation, 21 and mast cell activation. 22 STAT6 activation is also involved in p53 expression. Li et al. have indicated that STAT6-deficient cancer cells overexpress the p53 protein, 23, 24 suggesting that STAT6 represses the expression of p53. Our results show that the exposure to IL-13 represses the p53 gene expression in CD4
1 T cells, which can be abolished by knockdown of p53. The present data indicate that IL-13 plays a critical role in compromising the AICD mechanism in CD4 1 T cells, which may be a causative factor in Th2 cell polarization. In conditions associated with skewed Th2 polarization, such as allergic inflammation, the high levels of Th2 cells and Th2 cytokines can be detected in the local tissue. IL-13 is one of the major Th2 cytokines. Thus, IL-13 inhibitors have been developed to inhibit allergic inflammation. 25 Consistently with previous reports, our data show that treatment with anti-IL-13 Ab markedly enhanced the effect of ASIT on intestinal allergic inflammation. In addition, anti-IL-13 treatment increased the expression of p53 in CD4
1 T cells and induced CD4
1 T-cell apoptosis after activation, which removes the source of Th2 cytokines in the organs and tissue facing allergic inflammation and thus enhances the therapeutic effect of ASIT. IL-13 also contributes to the pathogenesis of allergies in several other respects, such as by facilitating IgE production 26 and increasing the synthesis of eotaxin. 27 Our data are in line with these previous studies by showing that down-regulation of the serum antigen-specific IgE, reduces tissue infiltration of mast cells and eosinophils after the administration of anti-IL-13 antibodies together with ASIT.
Previous data have also shown that IL-13 induces apoptosis in the intestinal epithelial cells, initiating inflammation in the intestine. 28 The opposite effect has also been observed by others, including Singhera et al., who reported that IL-13 inhibited spontaneous and corticosteroid-induced apoptosis of normal epithelial cells in the airway. 29 Our data are in line with the results reported by Singhera et al., because we show that IL-13 inhibits CD4
1 T-cell apoptosis. Thus, it appears that the IL-13-mediated regulation of apoptosis depends on the conditions of the microenvironment.
To determine whether IL-13 regulates other apoptotic molecules in addition to p53, we tested the effect of IL-13 on the expression of caspase 3 and TNF-a in CD4 1 T cells. It is known that caspase 3 is an important molecule in the signal transduction pathway of apoptosis. 30 TNF-a is one of the inducers of apoptosis 31 and functions by suppressing p53. 32 The present data show that IL-13 also suppresses caspase 3 and TNF-a in the CD4
1 T cells in the sensitized mouse intestine. Previous reports have also demonstrated that IL-13 inhibits TNF-ainduced caspase 3 expression and inhibits apoptosis in inflammatory environments. 33 In summary, the present study reveals that IL-13 can prevent AICD of CD4 1 T cells by inhibiting p53 expression. The results suggest that blocking IL-13 may enhance the therapeutic effect of ASIT.
